Coronary artery disease (CAD) has typically been treated either medically, with percutaneous coronary intervention (PCI), or with coronary artery bypass grafting (CABG). As advances in stent technology and minimally invasive surgery have developed, a third option has emerged: hybrid coronary revascularization (HCR). In HCR, minimally invasive CABG and PCI are both employed to treat a single patient, often during the same hospital stay. Patients appropriate for this technique vary widely, from low-risk patients with low SYNTAX lesions outside the left anterior descending artery (LAD), to high-risk patients with multiple comorbidities who are felt by the heart team to benefit most by avoiding a sternotomy. Across both our experience and other series in the literature, mortality with HCR is around 1%. Hospital length of stay is less than one week, and typically less than after conventional CABG, but longer than with isolated PCI. Return to baseline activity is substantially shorter after minimally invasive CABG compared to conventional CABG due to the avoidance of a sternotomy; deep sternal wound infections are entirely avoided. Mid-term need for repeat revascularization may be higher with HCR, though randomized data are lacking. In conclusion, HCR is an evolving method to treat multivessel CAD with favorable early results in high volume centers, though growth in the field is limited by surgical experience and success with minimally invasive techniques.
Introduction
Patients with coronary artery disease (CAD) affecting both the left anterior descending artery (LAD) and at least one other coronary artery are potential candidates for hybrid coronary revascularization (HCR). Patients with complex LAD lesions that may not be ideal for stenting, along with lesions in other coronary arteries that are easily stented, represent the ideal candidates for HCR, as they can benefit from the longevity of the left internal mammary artery anastomosed to the LAD (LIMA-LAD). These patients avoid a sternotomy, avoid the use of saphenous vein grafts (SVG) and recover more quickly from surgery. Minimally invasive coronary artery bypass grafting (MICS-CABG) was developed more than two decades ago using direct visualization methods, such as a thoracotomy or partial sternotomy, to harvest the LIMA from the chest wall and create the LIMA-LAD anastomosis. Several of these techniques are still widely used today, though the addition of advanced visualization and robotics has increased surgical options. During this time frame, there has been a steady advance in percutaneous coronary intervention (PCI) technologies. These include changes in delivery (e.g., radial artery), to better sheaths, wires, and catheters, improved imaging and functional assessments (e.g., fractional flow reserve), as well as drastic improvements in stent technology. These PCI advances have greatly improved the safety and durability of these procedures.
While multiple clinical trials have demonstrated superior freedom from angina and revascularization with CABG over isolated PCI (1) (2) (3) , it is not clear whether this benefit comes from the LIMA-LAD alone, which has a 10-15-year patency of greater than 95% (4), or whether SVG also contribute to this, since they have a patency of as low as 60% at 1 year (5). Recent evidence has also suggested that off-pump CABG (OPCAB) has higher rates of reintervention than conventional on-pump CABG, with potentially inferior anastomoses (6) . The minimally invasive approach combined with OPCAB is more technically challenging than OPCAB alone, so LIMA-LAD patency rates need to be carefully followed. We will define the role of HCR in myocardial revascularization, discuss patient selection, present results with MICS-CABG and describe steps to build an HCR program with success. Finally, we will speculate on future directions and growth of the field.
Methods

Patients
Selecting appropriate patients for HCR is an important step, as not every patient with CAD is an appropriate candidate. In a multicenter observational study of HCR, 12.2% of patients who underwent diagnostic angiography were deemed appropriate for a hybrid approach (7) . Table 1 demonstrates criteria to determine acceptable candidates for HCR. Several of these characteristics are angiographic in nature. For example, non-LAD lesions should be low-to intermediate-risk by SYNTAX score to improve success of PCI, minimize need for reintervention, and ideally achieve an equipoise with surgical grafting of these same vessels. Other important criteria to consider are patient-specific factors, like previous chest surgery or significant obesity, which can make minimally invasive bypass more difficulty. This approach should not be used for emergency operations, though patients presenting with an acute coronary syndrome may be good candidates for culprit vessel PCI followed by minimally invasive bypass.
Interventions
In HCR, PCI is performed according to standard institutional protocols. The surgical portion of the procedure, however, is much different from conventional CABG. There are several approaches to minimally invasive bypass, using minimally invasive direct coronary artery bypass (MIDCAB) and using robotics. In MIDCAB, a small anterior thoracotomy is made in the fourth or fifth intercostal space (8) . An alternative is to perform a partial inferior sternotomy. After entering the chest and deflating the left lung, the LIMA is harvested under direct visualization with the assistance of specialized retractor which both spreads the ribs and elevates the cranial ribs to improve visualization. Once freed from the chest wall, the LIMA-LAD anastomosis is then created though the same incision with the same technique as open surgery. The stabilizer for creating an off-pump anastomosis is introduced though a separate stab incision inferiorly, which is later converted into a chest tube site.
An alternative to open harvesting of the LIMA is to endoscopically harvest it using robotic instrumentation. The da Vinci surgical platform (Intuitive Surgical, Sunnyvale, CA, USA), is used for this. A camera port and two instrument ports are introduced into the left chest in approximately the 2 nd , 4 th , and 6 th intercostal spaces in the anterior axillary line. The LIMA is then harvested according to surgeon preference, either in a skeletonized or pedicled fashion. Next, a thoracotomy is made directly over the LAD, through which the anastomosis is carried out similar to the MIDCAB procedure (robotic assisted) (9) . An alternative is total endoscopic coronary artery bypass (TECAB). In TECAB, the LIMA is harvested just as with a robotic assisted approach, but rather than make a thoracotomy and complete the anastomosis in an open fashion, a robotic stabilizer is introduced through a fourth port, and the anastomosis is then carried out using the robotic instruments (10) . Figure 1 demonstrates robotic LIMA harvest and exposure of the heart for planned bypass.
Results
While HCR has been performed for 2 decades, it has steadily gained popularity over the last 7-10 years, due in part to improved PCI technologies, but perhaps mostly by the availability of a robotic surgical platform. For this reason, much of the literature to date focuses on shortterm results, though there are some reports out to 10 years. There have been two randomized trials completed, and a large multicenter trial is currently underway in the US.
Short-term outcomes
Multiple centers have reported on their outcomes with HCR in the past 5 years. These include the three main surgical techniques: MIDCAB, robotic assist, and TECAB. Table 2 shows short term outcomes of several large recent series.
While the surgical techniques employed were varied, these groups all showed relatively similar results. Patient survival was 99% with stroke at 1% or less. LIMA-LAD patency was 95% and higher across groups, with conversion to sternotomy typically 2% or less. Revision for bleeding was less than 5%, and hospital length of stay was roughly 5 days.
Recovery after HCR does not approach that of PCI, where elective interventions are often performed with either one night in the hospital or on an outpatient basis. However, compared to conventional CABG, short-term results may be superior. Table 2 demonstrates excellent outcomes with relatively short length of stay, but are not compared to institutional conventional CABG data. HCR was compared to multi-arterial grafting in a retrospective review, where less blood transfusion and a shorter length of stay were noted; 30-day MACCE were similar (17) . Other studies have shown faster recovery after surgery (18) , with quicker return to work (19) and improved quality of life scores at 3 months (20).
Mid-term outcomes
Several groups have published mid-term outcomes at 5 years, and have shown rates of major adverse cardiovascular events (MACCE): 20% (11), 17% (12) , and 21% (13) . With no comparison groups, it is somewhat difficult to compare these to patients undergoing PCI alone or conventional CABG. One group recently published 10-year outcomes after HCR using a MIDCAB approach. They showed 76% 10-year survival, with only 10% of patients requiring repeat revascularization. Patient survival in this study was somewhat limited by a mean age of 64 and the fact that more than half of these patients had reduced ejection fractions and class II or higher heart failure at time of treatment (21) . In a separate study comparing HCR to multivessel CABG with and without bilateral IMA usage, survival was similar at 5 years (88.5% vs. 86.4% vs. 89.9%, respectively, P=0.91) (17) . This study did not assess MACCE in the mid-term, however. Single-vessel MIDCAB was compared to PCI in a randomized trial of 220 patient and found to have much lower reintervention rates than PCI (10% for MIDCAB, 32% for PCI). A meta-analysis of MIDCAB (non-hybrid) to PCI also showed a significantly lower reintervention rates with surgery (1.5% vs. 20%). In a recently completed hybrid observational trial in the US, HCR patients were found to have similar MACCE at 18 months to patients treated with PCI, with a trend toward higher MACCE in the PCI group in later follow-ups (7).
Randomized data
Two small randomized trials have been completed on HCR. The first, the POL-MIDES study, compared HCR to conventional CABG in 200 patients (22) . In this study, no significant differences were seen in death, myocardial infarction, stroke, major bleeding, or repeat revascularization at 1-year (MACCE 11% vs. 8%). LIMA-LAD patency was equivalent (94% vs. 93%). Conversion to sternotomy was performed in 6.1% of patients. A second trial, the HREVS trial, was recently presented at the Transcatheter Cardiovascular Therapeutics meeting in October 2017. This trial compared HCR using a MIDCAB approach to both conventional CABG and PCI in 155 patients (23) . They showed that HCR was associated with less bleeding than CABG, and had a 10% conversion rate to sternotomy. The endpoint of residual myocardial ischemia by single-photon emission computed tomography (SPECT) was no different between any of the three groups at 1 year. Unfortunately, no longer-term follow up is present in either of these trials, where divergence of curves could occur as was seen in the previously mentioned nonhybrid MIDCAB vs. PCI trials.
Discussion
We have shown that excellent short-term outcomes with HCR are possible, irrespective of whether a MIDCAB or robotic approach is used. The LIMA-LAD, which is the most important benefit of CABG (4), can be performed reliably with patency greater than 95%. Rates of blood transfusions are low, and the postoperative complications with HCR are generally similar but less frequent than conventional CABG. Ventilator times, ICU stay, and hospital stay, are all shown to be superior to conventional surgery in observational data. At mid-term follow-up, HCR seems to have better rates of revascularization than PCI but may not be identical to conventional CABG. Patient satisfaction is extremely high with HCR, and patients are back at work with no activity limitations much faster than after a sternotomy. Deep sternal wound infections are also completely avoided.
HCR consists of two procedures, and the timing of these is dependent upon several factors. In general, it is best to treat the culprit lesion first; most commonly in clinical practice, the surgical component is completed first (24) . When PCI is performed first, antiplatelet agents must be continued during surgery, which can be associated with higher chest tube output. Performing surgery first provides protection of the completed LIMA-LAD anastomosis. When performed concurrently in a hybrid operation room, immediate assessment of the anastomosis can be performed, though is often logistically challenging to coordinate the two procedural teams.
A major weakness of data on HCR is the lack of robust © Annals of Cardiothoracic Surgery. All rights reserved. Ann Cardiothorac Surg 2018;7(4):500-505 www.annalscts.com randomized data comparing the approach to conventional surgery and PCI. Much more long-term data is needed before any firm conclusions can be made. The mortality benefit of the LIMA-LAD has been shown in open surgery, and there may never be a large trial performed to demonstrate that this same benefit applied to minimally invasive LIMA-LAD performed as part of HCR. A major limitation to the expansion of HCR is the lack of surgeons committed to the approach. While 15 years old, a survey of surgeons showed that only 10% were in favor of HCR vs. 50% of cardiologists (25) .
A major factor contributing to the lack of surgical backing of HCR is the difficulty of performing these procedures. MIDCAB is more technically challenging than conventional CABG. One group used a cumulative sum analysis to evaluate the learning curve for MIDCAB and found that 50-100 cases were required. They additionally showed that surgeons needed to maintain a significant case volume to maintain quality (26) . The use of robotics to improve visualization and instrument precision may be associated with a lower learning curve of about 30 cases (27) . The TECAB approach requires more time to learn, but surgeons can start with robotic assisted operations until comfortable, before attempting an endoscopic anastomosis.
Beyond the surgical learning curve, another key component of successfully performing HCR is to build a team with key stakeholders actively involved. This involves not just the surgical team, but includes referring cardiologists and interventionalists. Administration is also important, especially if robotics are used, as this is associated with significant fixed costs. We recommend using the same surgical team (i.e., anesthesiologist, first assistant, surgical technician, and circulator nurse) until the learning curve is complete. This will decrease variability and increase the speed of team learning. Access to a robot may need to be worked out ahead of time, as frustration will quickly develop if it is not routinely available. Buy in from hospital and operating room administration is key to this.
Patients are increasingly demanding minimally invasive approaches, and the trend toward PCI is showing no signs of abating. Growth of HCR may be one important way to combat this and provide patients the excellent longterm outcomes that are possible with a LIMA-LAD, while also benefiting from the steady improvements in stent technology. A multicenter randomized trial is now recruiting patient to compare HCR to PCI (28) . A positive result from this trial may greatly increase the number of patients referred for this approach. While HCR is performed rarely at present, we believe that it can and should grow to about 10% of the market for coronary revascularization. HCR represents one element of offering patients state of the art coronary surgery.
